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ABSTRACT: Shallow cumuli over land are normally studied from a diurnal perspective. However, the thermodynamic
vertical profiles of the morning transition may play an important role in setting up favourable conditions for the formation
of shallow cumuli. In turn, these profiles are highly dependent on the evolution of the nocturnal boundary characteristics
and of their layer aloft.
By analysing thermodynamic profiles measured by radiosondes launched every three hours at four different stations, we
are able to determine how horizontal advection and turbulent mixing modify the atmospheric stability and the differences
in potential temperature and specific humidity at the interface between the atmospheric boundary layer and the layer above
it. Two consecutive nights are studied. They show very similar boundary-layer development; but variations in the layer
aloft by a low-level-jet advection event during the second night, and intense turbulent mechanical mixing, lead to the
development of two diurnal boundary layers with very different characteristics: the first one clear, the second cloudy.
To complete the observational study, we perform a sensitivity analysis using a mixed-layer model to examine the role of
the morning initial conditions in the formation of shallow cumuli over land. The complexity and subtlety of the observed
situation – namely, the interaction of a strongly-mixed nocturnal boundary layer and horizontal advection – make this case
suitable for testing the capacity of mesoscale models to reproduce cloudy boundary layers that are largely dependent on
conditions during the previous night. Copyright  2007 Royal Meteorological Society
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1. Introduction
The formation and further development of shallow cumuli
over land are driven by the daily variations in surface
turbulent fluxes. Their evolution is also dependent on the
thermodynamic characteristics, and on the atmospheric
stability within and above the atmospheric boundary
layer. To date, studies have focused on the role of
the land–atmosphere interaction in controlling shallow-
cumulus formation (Ek and Holtslag, 2004), and on the
main dynamic characteristics and controlling processes
(Zhu and Albrecht, 2002, 2003; Brown et al., 2002).
Compared with the formation of fair-weather cumuli
above maritime conditions, shallow cumuli above land
are highly dependent on the diurnal cycle of the boundary
layer, external forcings, and the horizontal variability of
surface properties. Therefore – and because of their non-
steady development – their representation in large-scale
models is more problematic than for those above the sea
(Neggers et al., 2004; Lenderink et al., 2004; Berg and
Stull, 2006).
However, one important set of conditions – the ini-
tial morning characteristics of the thermodynamic vertical
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structure – has received little attention, particularly with
regard to how the structure of the nocturnal boundary
layer (NBL) and the layer above it evolve to establish
the optimal stability conditions for triggering shallow-
cumulus formation during the day. As mentioned by Zhu
and Albrecht (2002), weaker stratification and an inver-
sion potential-temperature jump contribute to a small
positive-feedback processes in cloud formation. Both are
largely dependent on the initial thermodynamic state at
dawn. In this paper, we present observational evidence
of these feedback mechanisms during the transition from
nocturnal to diurnal boundary-layer conditions.
In order to assess the influence of the NBL on shal-
low cumulus over land, two consecutive nights have been
studied, using detailed surface and upper-air observations.
The measurements were taken at the Southern Great
Plains Atmospheric Radiation Measurement (ARM) site
in Oklahoma and Kansas, USA. The high spatial distri-
bution (four radiosonde launching stations within 200 km
of the central facility) and high temporal frequency (with
a radiosonde being launched every 3 h) make the ARM
site particularly suitable for our purposes. Moreover, the
ARM site has been used before to study cloudy boundary
layers over land (Zhu and Albrecht, 2002).
The nights studied are those of 19–20 and 20–21 June
1997. Although they present very similar characteristics
in synoptic and mesoscale terms, differences above the
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NBL, and intense turbulent mixing in the NBL, lead to
the development of two diurnal boundary layers with very
different turbulent characteristics. On the first night, a
cloudless boundary layer is formed, with a high rate of
entrainment, driven partly by shear at the surface and
at the inversion zone (Pino et al., 2003). On the second
night, shallow cumuli are observed, with a coverage of
20%–30% above the ARM site (Zhu and Albrecht, 2002;
Brown et al., 2002).
The primary goals of this study are:
• to analyse the observational evidence of the role of
advection and turbulent mixing during the night in
establishing the conditions required for the formation
of daily shallow cumuli; and
• to examine, through a sensitivity analysis, the depen-
dence of cloud development on the initial morning
atmospheric stability and properties within the entrain-
ment region.
2. The large-scale meteorological situation during
the two nights
In terms of the boundary layer, the two nights studied
present similar characteristics, as we will discuss in
more detail in the next section. It is therefore necessary
first to analyse their synoptic and mesoscale conditions.
As Nakamura and Mahrt (2006) have recently pointed
out, mesoscale phenomena can have a large effect on
the dynamics and structure of the NBL. The synoptic
and mesoscale situation for the nights of 19–20 June
and 20–21 June at 06 LT (throughout this paper, LT
(local time) stands for UTC minus 6 h.) is shown in
Figures 1 (sea-level pressure and horizontal wind vectors
at 1000 m) and 2 (potential temperature and water-
vapour mixing ratio at 1000 m). The three days are
modelled by means of the mesoscale model MM5 version
3.6 (Dudhia, 1993). ECMWF data are used to initialize
and update the boundary conditions every 6 h. Boundary-
layer turbulent fluxes are represented using the Medium-
Range Forecast scheme coupled to a simple land-use
model. The other important physical parametrizations are
the Kain–Fritsch scheme for convection and a simple
ice scheme for the microphysical processes. Both figures
show the biggest domain (an approximately-square region
of 1674 × 1674 km2) discretized with a grid length
of 54 km. A 24 h spin-up is applied to allow the
physical parametrization to adapt to initial and boundary
conditions. The central facility of the ARM site is located
at the centre of the domain (grid point (15, 15), indicated
by the letter C in Figures 2 and 4).
Figure 1 shows that the two nights are characterized by
low pressure to the northwest of the area under study. By
the second night, the centre of the low has moved steadily
southward (approximately 50 km). The horizontal wind
vectors at 1000 m show similar wind direction (190°)
and strength (15–20 ms−1) at the centre of the domain
(grid point (15, 15)). These strong winds are associated
Figure 1. Maps of sea-level pressure (mb) and horizontal wind vectors
at 1 km, calculated using the mesoscale model MM5, for 06 LT on 20
June (upper panel) and 21 June (lower panel). Each full barb of the
wind vector represents 5 ms−1. GM indicates the Gulf of Mexico.
with the presence of an observed low-level jet (LLJ) (see
Section 3.2, Figure 8, for further discussion).
Figure 2 shows the potential-temperature field and
the mixing ratio of water vapour at 1000 m above
ground level. We have chosen this height as it is
representative of changes in potential temperature and
moisture above the NBL. Although the spatial pattern of
potential temperature is similar, the model results show
that at the centre of the domain the air has become colder
by approximately 2 K: on 20 June at the central site C,
the potential temperature is above 307 K, whereas on 21
June it has fallen to 305 K. The water-vapour content
also increases: from 13 g/kg on 20 June to 14 g/kg
on 21 June. The absence of precipitation at C on 20
June eliminates the possibility of an increase in soil
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moisture availability, and therefore of the latent heat
flux at the surface. Another factor that could cause these
changes in the potential temperature and water-vapour
content is the heterogeneity of the surface conditions. It
is known that the central site C is characterized by a
strong west–east variation in the Bowen ratio (Cheinet
et al., 2005). However, in our meteorological situation
both nights are dominated by the same south-southwest
component, so this effect is minimal.
The relative proximity of the Gulf of Mexico (approx-
imately 450 km southeast of C, marked GM in Figure 1)
may be the cause of the colder and wetter air masses. In
Figure 1, a slight veering can be observed in the wind
Figure 2. Maps of potential temperature (K, continuous lines) and
water-vapour mixing ratio (g/kg, dashed lines) at 1 km, calculated using
the mesoscale model MM5, for 06 LT on 20 June (upper panel) and
21 June (lower panel). The contour interval for potential temperature
is 2 K, and that for water-vapour mixing ratio is 2 g/kg. C indicates
the location of the central facility of the ARM site.
direction between 20 and 21 June, from 190° to 170°.
According to the mesoscale modelling results, this enter-
ing of cold and wet air above the boundary layer at C
starts at around 02 LT. This turning of the wind towards
the east could be the origin of the advection of maritime
air towards C. In this respect, we have a particular case
of a phenomenon documented by Higgins et al. (1997)
and Cheinet et al. (2005).
To complete this discussion, Figure 3 shows the hori-
zontal advective tendencies calculated using the ECMWF
model (ERA-40 reanalysis) at C (Uppala et al., 2005).
The period of the large-scale forcing is 6 h. Since we
are focusing on the differences in behaviour between
the two nights, we select the following times: 00 LT
(06 UTC) and 06 LT (12 UTC). In agreement with the
MM5 results, the large-scale horizontal heat advection
(Figure 3(a)) shows a more significant drying tendency
for the first night. In the analysed period, the region
above the LLJ (at 500–1000 m) is warmed, with a heat-
ing rate of 0.2–0.55 Kh−1. As we discuss in the next
section, this large-scale forcing favours the creation of
a stronger inversion during the morning transition, pre-
venting cloud formation. The following night shows a
transition between cooling and heating below 1000 m,
but above 1000 m it maintains a cooling tendency, which
increases the atmospheric instability above this height.
The drying that takes place on the night of 19–20 June
is also more significant than that of the following night
(Figure 3(b)), particularly at heights of 1000–2000 m,
which could favour the cloudless conditions observed
on 20 June. During the night of 20–21 June, the
increase of moisture in the boundary layer (shown
also in Figure 2) is an additional positive tendency in
establishing appropriate conditions for cloud formation
during 21 June. In the next section, we will analyse,
and discuss in more detail, the specific surface forcing
measured at C and the temporal and (vertical) spatial
distribution of the thermodynamic variables.
3. Vertical profiles of thermodynamic variables:
temporal evolution and spatial distribution
This study relies heavily on the dense spatial distribution
and high temporal frequency of the radio-soundings (a
sonde was launched every 3 h). Figure 4 shows the loca-
tions of the four sites selected for this study, as well as the
topography, which is characterized by a gentle east–west
slope. The maximum distance between the central facil-
ity C and the the other stations is approximately 200 km.
In addition to the upper-air measurements, surface-mean
and turbulent-flux variables were measured continuously
at C.
3.1. Surface forcing and boundary-layer characteristics
The two nights studied are characterized by similar
surface forcing and atmospheric stability in the NBL.
Figure 5 shows the temporal evolution of the sensible
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Figure 3. Horizontal advection of (a) heat and (b) specific moisture, as derived from the reanalysis of the ECMWF model at the central facility
C of the ARM site.
Figure 4. Topography, and locations of the radiosonde station facilities:
C (36.605 °N, −97.485 °W, 315 m), S (34.969 °N, −97.415 °W, 344 m)
N (38.305 °N, −97.301 °W, 447 m), CS (35.688 °N, −95.856 °W,
217 m).
heat flux, the temperature measured at 2 m, and the fric-
tion velocity. The half-hour turbulent surface fluxes are
measured using a fast-response three-dimensional sonic
anemometer, and the water-vapour density is measured
using an open-path infrared gas analyser. The sensible
heat flux is almost constant over time, with values in
the range −40–−50 Wm−2. The latent heat flux shows
a similar constant behaviour over time on both nights,
with a value of 30 Wm−2 (not shown). Clouds are not
observed on either night, and the surface long-wave radia-
tive cooling shows very similar temporal evolution on
the two nights, with a linear rate of fall in temperature of
about 0.4 Kh−1. High friction velocities are measured,
these being driven by high shear on both nights (see
Figure 8). Values are almost constant over time (around
0.6 ms−1), and the main difference is in the minimum
value of the friction velocity u∗ at around 03:30 LT on 21
June, though it has a tendency to increase towards values
similar to those of the previous night. The vertical pro-
files of the mean wind measured by the radiosondes cor-
roborate these large night-time values (see Section 3.2,
Figure 8).
Table I summarizes the surface turbulent fluxes, scal-
ing parameters and other relevant boundary-layer charac-
teristics. We have defined the boundary-layer depth on the
basis of the location of the LLJ, the wind-speed maximum
(see Figure 8). As indicated by the scaling parameters
h/L and the gradient of the Richardson number, both
NBLs are dominated by strong turbulent mixing driven
by wind shear, and can thus be classified as weakly stable.
3.2. Temporal evolution
Figure 6 shows the temporal sequence (23 LT, 02 LT,
05 LT, 08 LT) of the vertical profiles of potential tem-
perature at C during the two consecutive nights. In order
to distinguish between the evolution of the profiles within
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Figure 5. Temporal evolution during the two consecutive nights, at the central site C, of: (a) sensible heat flux; (b) temperature at 2 m; (c)
friction velocity.
Table I. Turbulent surface fluxes (sensible w′θ ′o; latent w′q ′o
and friction velocity u∗) and boundary-layer scaling variables
(boundary layer height h; gradient Richardson number Rig,
Monin-Obukhov length L and low-level jet LLJ). Values are
averaged over the whole night, except for the boundary-layer
height h, the gradient Richardson number Rig, Monin-Obukhov
length L, and the low level jet LLJ value estimated from the
two radio-soundings at 02 LT.
Night
(June)
h
(m)
w′θ ′o
(Wm−2)
w′q ′o
(Wm−2)
u∗
(ms−1)
LLJ
(ms−1)
h/L Rig
19–20 500 −41.9 30 0.59 24.0 1.06 0.16
20–21 450 −48.5 29 0.55 23.0 1.37 0.15
and above the NBL, the figure also shows the boundary-
layer height h, estimated as the height of the mean wind
maximum (LLJ). The similar evolution of the long-wave
radiative cooling and intense vertical mixing within the
NBL yields very similar developments of the stable strat-
ification in the NBL during the two nights. Above the
NBL, the θ profile at 23 LT during the first night is
slightly colder. However, at 02 LT, the two profiles are
almost identical, having the same boundary-layer height,
and slightly higher stability values for the second night.
On 21 June, between 02 LT and 05 LT the air mass
above the NBL cooled significantly. For instance, if we
take 1000 m as a reference height, we observe that during
the night of 19–20 June, θ remains almost constant
(about 312 K), whereas during the second night it has
decreased by 4 K. Closely associated with this cooling is
an increase in the instability of the upper layer.
The temporal evolution of the specific-moisture pro-
files is similar (Figure 7). The drier layer above the NBL
during the night of 20–21 June differs from that of the
first night by a large increase in moisture content: from
5 g/kg to 15 g/kg at 1000 m during the period 02–05 LT.
At 05 LT on 21 June, except for the maximum and
minimum values of the specific humidity at 650 m and
1000 m respectively, we observe higher water-vapour
content up to a height of 1300 m, well above the NBL.
Furthermore, the strong mechanical turbulent mixing
within the NBL leads to a well-mixed layer on both
nights: the difference between the values at the surface
and at the top of the NBL is less than 1 g/kg, because
the (positive) moisture flux is almost constant over time.
To complete our analysis of Figure 6, the vertical
specific-moisture profile at 08 LT on 21 June once again
demonstrates the establishment of optimal conditions for
the formation of shallow cumulus: a well-mixed profile
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Figure 6. Temporal evolution of the vertical potential-temperature profiles at C during the nights of 19–20 and 20–21 June. The boundary-layer
height h is also indicated. At 02 LT and 05 LT, the boundary-layer height is the same (500 m) on both nights.
up to 1500 m, with high water-vapour content (about
15 g/kg).
Finally, Figure 8 shows the temporal evolution of the
vertical profiles of wind speed on the two nights. A
common pattern is shown by the larger shear values
below and above the LLJ for both nights, yielding
well-mixed vertical profiles of specific humidity. As
discussed by Conangla and Cuxart (2006), the LLJ
generates mechanical turbulence, which induces weakly-
stable stratification below and above the NBL. At 23 LT,
one can observe the initial formation of the LLJ at
a height of 500 m. At 02 LT, as with the potential-
temperature and specific-humidity profiles, the variation
of the height of the wind is very similar during the
two nights. The LLJ has a value of 24 ms−1 located
at the same height, around 500 m. At 05 LT, the LLJ
has almost disappeared during the first night, and it
has decreased to 20 ms−1 during the second night.
Well-mixed wind profiles are observed 2 h after sunrise
(08 LT), with surprisingly lower values for 21 June.
We have investigated the possible reasons for these low
values. The vertical profile at 11 LT (not shown) is once
again characterized by values similar to those of 20 June,
with an averaged vertical value of 10 ms−1. For 08 LT,
Figure 8 also shows the vertical profiles calculated from
the mesoscale model MM5. The agreement with the
observations of 20 June is very satisfactory. Moreover,
we find very similar values for the modelled mean
wind profiles during the two days. We conclude that the
observed values of the second day are probably affected
by an instrumental error, and should be disregarded.
Finally, the wind direction (not shown) hardly varies
with height or time, maintaining an almost constant value
of 200°, in close agreement with the horizontal wind
vectors shown in Figure 1.
3.3. Spatial distribution
The altitude differences of θ and q for the four radioson-
des launched at stations S, CS, C and N on 21 June at
02 LT and 05 LT are shown in Figures 9 and 10 respec-
tively. At the four sites, the NBL height is around 500 m
at 02 LT. In the NBL, C and S are 1 K colder, but the
stable stratification has similar values. Above the NBL,
C and N show warmer and more stable stratified profiles.
The specific-humidity observations (Figure 9(b)) confirm
these differences between C and N and between S and
CS. Slightly above the temperature inversion jump at
500 m, much drier air is found at C and N, with a sharp
decrease to 6 g/kg at around 800 m. Within the NBL,
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Figure 7. As Figure 6, but showing specific humidity.
the four q profiles indicate a well-mixed layer, with an
average value of around 15 g/kg, except at N, which
shows higher values.
Three hours later, at 05 LT, the θ profiles are almost
identical at the four sites in the whole region under study.
At sites S and CS and above 500 m, the vertical varia-
tion in potential temperature has hardly changed, whereas
colder air – a decrease of almost 6 K at 1000 m – is mea-
sured above C and N. Within the NBL, very similar
slopes are found for the variation of potential tempera-
ture with height. At 05 LT, the lifting condensation level
(LCL) at C is located at 500 m, near the top of the NBL.
Figure 10(b) also shows a large difference in the mois-
ture content above C and N, with an increase of almost
10 g/kg during the period 02–05 LT. Except for the
sonde launched at N, the measured profiles are rela-
tively well mixed up to 1000 m. Above this altitude, the
moisture content decreases, reaching a value of 5 g/kg at
1500 m.
Knowledge of the spatial distributions of the potential-
temperature and specific-humidity profiles within a radius
of 200 km from the central site C allows us to moni-
tor the modification of the layer above the NBL at C.
Between 02 LT and 05 LT, colder and moister air is
advected by the LLJ over this site. As Figure 1 shows,
the characteristics of this air mass are probably maritime,
originating in the Gulf of Mexico. This modification of
the upper layer tends to favour the formation of shallow
cumulus in diurnal conditions. Compared with the previ-
ous night, the modifications in the layer above the NBL
have decreased the height of the LCL (by 200 m – see
Figure 11) by cooling it down and enhancing its moisture
content.
Moreover, the layer above the NBL becomes more
unstable, and the jump in potential temperature and spe-
cific humidity at the inversion is reduced. The intense
turbulent mixing in the NBL is an additional factor
that maintains relatively well-mixed profiles of poten-
tial temperature and specific humidity throughout the
night. In consequence, the smaller gradients of virtual
potential temperature favour the rapid formation of a
convective boundary layer during the morning transition.
This observed situation emphasizes the subtlety of the
formation of shallow cumuli in the boundary layer, in
which modifications occurring during the previous night
can produce conditions favourable for the formation of
boundary-layer clouds.
3.4. Early-morning profiles
It is convenient to end our discussion by showing the ver-
tical profiles of potential temperature at 08 LT (2 h after
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Figure 8. As Figure 6, but showing wind speed. The panel for 08 LT also shows the results given by the MM5 model, for 20 June (continuous
line) and 21 June (dashed line).
sunrise) in relation to atmospheric stability (Figure 11).
Several large-eddy simulation studies (Brown et al.,
2002; Pino et al., 2003), and the single-column model
intercomparison study (Lenderink et al., 2004), have used
these θ profiles as initial profiles for the purposes of
studying the structure and evolution of diurnal bound-
ary layers. Thus, these profiles are already determin-
ing the main characteristics of the diurnal development
of the boundary layer. Up to 650 m (20 June) and
1000 m (21 June), both profiles show a well-mixed layer
driven by convection (convective velocity scale w∗ val-
ues of 1.16 ms−1 and 1.38 ms−1 respectively) and by
mechanical turbulence due to the high winds (u∗ val-
ues of 0.6 ms−1 and 0.5 ms−1 respectively). Above these
heights, the potential-temperature profiles show distinct
features. A strong capping inversion (θ = 6 K) lim-
its the growth of the convective boundary layer in the
early morning hours of 20 June. The specific charac-
teristics of the sounding already determine the future
development of a clear boundary layer, which inhibits
a rapid growth of the boundary layer in the early morn-
ing hours (approximately 100 m/h). However, as Pino
et al. (2003) have stressed, this boundary-layer growth
rate is later increased to values close to 166 m/h because
of the contribution of shear to the entrainment of heat: see
the vertical profiles of mean wind in (Pino et al., 2003,
figure 5); this figure also shows the moist adiabatic lapse
rate, indicating an LCL at 1200 m, 500 m above the top
of the convective boundary layer. Therefore, the strong
inversion potential-temperature jump, and the warm and
dry characteristics above the boundary layer, resulting
from the night-time thermodynamic evolution, lead to a
cloudless diurnal boundary layer.
The profile for 21 June already presents optimal con-
ditions for the formation of shallow cumulus: an LCL
(at 900 m) below the inversion (h = 1000 m); absence
of a potential-temperature jump at the top of the mixed
layer; a slope exceeding the moist adiabatic lapse rate
(i.e. conditionally unstable); and the possibility of verti-
cal development of the potential cloud up to a height of
1600 m (the limit of convection). In their study of shal-
low cumulus over land, Brown et al. (2002) take into
account some of these vertical characteristics in defining
the initial profile of the potential temperature. Except in a
small layer between 1400 m and 1500 m, their θ profile
has a slope similar to that of the observed sounding of 21
June, and it also lacks a clear potential-temperature jump
at the interface between the boundary layer and the free
troposphere.
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Figure 9. Vertical profiles of (a) potential temperature and (b) specific humidity, at the sites S, CS, C and N, at 02 LT on 21 June.
Figure 10. As Figure 9, but at 05 LT.
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Figure 11. Vertical profiles of potential temperature 2 h after sunrise
(08 LT). The moist adiabatic profiles are also shown.
4. Dependance of cloud formation on initial
morning conditions
As shown by the analysis above, thermodynamic mod-
ifications of the layer above the NBL result in wide
variations in the vertical distribution of potential tem-
perature and moisture content. The morning transition
conditions are influenced by these variations: particularly
by the formation of the initial interface jumps in poten-
tial temperature (θvo) and moisture (qo) during the
early stages of development of the convective boundary
layer. These nocturnal variations have a strong influence
on the further evolution of the boundary-layer growth,
and are thus responsible for setting up the optimal con-
ditions for the formation of boundary-layer clouds once
diurnal convection has begun. Here, we carry out a sensi-
tivity analysis to study the dependence of boundary-layer
height and LCL on the initial values of the potential-
temperature and moisture jumps at the interface and the
potential-temperature lapse rate.
A mixed-layer model (Lilly, 1968; Tennekes, 1973)
is used to calculate the boundary-layer evolution and to
estimate whether water vapour saturates – i.e. whether
the LCL is below h (so that clouds can potentially
be formed) or above h (so that clouds are absent).
See Appendix A for details of the model formulation.
The mixed-layer model reproduces the evolution of
the slab convective-boundary-layer variables (sub-cloud
layer) observed during 21 June, and it includes an
explicit calculation of the time evolution of the LCL. Our
approach is similar to that of Zhu and Albrecht (2002),
who employ the mixed-layer model as a conceptual tool
that can accurately reproduce the bulk characteristics of
the convective boundary layer.
Our initial conditions for the mixed-layer model,
summarized in Table II, are similar to those prescribed
by Brown et al. (2002), so as to reproduce convective-
boundary-layer conditions similar to those observed on
21 June 1997 at site C (Zhu and Albrecht, 2002; Brown
et al., 2002).
The sensitivity tests focus on the initial values of
θvo, qo, γθ , and the ratio of the entrainment heat
flux to the surface heat flux, βθv . The first three of
these are strongly influenced by the arrival of the colder
and moister air mass above the NBL between 02 LT
and 05 LT. Figure 12 shows the time evolution of the
boundary-layer height and the LCL, calculated for two
different cases: qo = −0.5 g/kg (close to the sunrise
conditions of 21 June) and qo = −5.0 g/kg (close to
the sunrise conditions of 20 June). Figure 12(a) shows
the model results derived from values close to the initial
observations (for qo = −0.5 g/kg), and the other panels
show the results of the sensitivity tests. Note that in
all cases the absolute decrease of the moisture jump at
the inversion (from −5.0 g/kg to −0.5 g/kg) leads to a
moist boundary layer (a lower LCL), because there is less
entrainment of dry air into the boundary layer.
Figure 12(a) shows the evolution of h and LCL, using
initial conditions close to the situation observed for 21
June (see Table II). Using an initial qo = −0.5 g/kg,
the model reaches the condition h = LCL at around
11 LT. At approximately this time, clouds were observed
over the central facility C; and the ceilometer reported a
cloud-base height (similar to the LCL) of around 1000 m
between 10 LT and 11 LT (see (Brown et al., 2002, figure
5)). A decrease in the initial jump in specific humidity
(qo = −5.0 g/kg) would lead to a delay of 1 h in
attainment of the condition h = LCL, because of the
entrainment of dry air and the consequent increase in
the LCL.
Table II. Initial and prescribed values used for the mixed-layer
model to calculate the boundary-layer height and the LCL on
21 June 1997 at site C. The parameter td is equal to 10 h.
Quantity Value
ho 700 m
ws 0
〈θvo〉 301 K
θvo 0.1 K
(wθv)o 0.09 sin(πt/td) Kms−1
γθv 3 × 10−3 K/m
βθv 0.2
〈q〉o 15 g/kg
qo −0.5 g/kg
(wq)o 0.16 sin(πt/td) g/kg ms−1
γq 0
ho is the initial boundary layer height; ws is the mean vertical sub-
sidence velocity; 〈θvo〉 is the initial slab virtual potential temperature;
θvo is the initial virtual potential temperature jump; (w′θ ′v)o is the
surface sensible heat flux; γθv is the lapse rate of potential tempera-
ture; βθv is the ratio entrainment heat flux to surface heat flux; 〈q〉o
is the initial slab specific humidity; qo is the initial jump specific
humidity; (w′q ′)o is the surface latent heat flux; γq is the lapse rate of
specific humidity.
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Figure 12. Time evolution of boundary-layer height h (solid lines) and LCL, for the following initial values of the moisture jump: −0.5 g/kg
(dashed lines); −5.0 g/kg (dotted lines). (a) Initial values similar to the early-morning conditions at 08 LT on 21 June (see Table II). (b) As (a),
but with initial θ = 2 K. (c) As (a), but with γθ = 2 × 10−3 K/m. (d) As (a), but with βθv = 0.3.
Figure 12(b) shows the same situation except that we
have increased the initial jump of the virtual potential
temperature at the interface to 2.0 K. This test is illus-
trative of the situation of the previous day (20 June),
characterized by large inversion jumps for θo and qo
at the entrainment zone. A shallow boundary layer with
a slow growth rate is the main feature of this sensitivity
test, leading to a late onset of the condition h = LCL
(for the case qo = −0.5 g/kg), or a cloudless boundary
layer because LCL > h (initial qo = −5.0 g/kg).
We study the increase in atmospheric instability above
the boundary layer by reducing the temperature lapse rate
to 2 × 10−3 K/m (see Figure 12(c)). The boundary layer
deepens faster, and the condition h = LCL is attained
earlier, than in the case presented in Figure 12(a). This
rapid growth leads to an increase in the entrainment
of dry air, yielding a higher LCL (see the case qo =
−5.0 g/kg). This decrease in the temperature lapse rate
was also used by Brown et al. (2002) to reproduce, by
means of the LES, shallow cumulus with an enhanced
vertical development.
Finally, we show in Figure 12(d) a sensitivity test for
the ratio of the entrainment heat flux to the surface heat
flux. As studied by Pino et al. (2003) for the previous
day, larger values of this ratio are expected because of
the enhancement of the entrainment flux by the presence
of shear at the surface and at the entrainment zone.
The model results show that, in spite of the increase of
warm and dry air brought into the boundary layer by the
entrainment process, the condition h = LCL is reached
slightly earlier than in the observed case (for the case
qo = −0.5 g/kg), because of the more rapid growth of
the boundary layer.
Although this study is conceptual, the analysis indi-
cates the subtlety of setting up optimal conditions for
the formation of shallow cumulus over land. Briefly,
a decrease in the morning initial potential-temperature
jump and temperature lapse rate leads to a higher rate
of boundary-layer growth, increasing the probability of
cloud formation. In turn, this higher rate is normally
associated with larger entrainment events of warmer and
drier air into the boundary layer, which can delay attain-
ment of the condition h = LCL. A small jump of mois-
ture in the entrainment region could compensate for this
drying effect of the boundary layer and facilitate cloud
formation.
5. Conclusions
We have investigated the role of the NBL and its layer
aloft in setting up appropriate conditions for the formation
of shallow cumuli. Surface and upper-air observations of
two consecutive nights have been studied and compared
in order to determine the processes involved in producing
two different diurnal boundary layers (one clear and
the other cloudy) under similar driving diurnal surface
conditions. The two nights display very similar turbulent
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structure and evolution, characterized by intense turbulent
mixing (friction velocities of 0.5–0.6 ms−1) driven by the
wind shear generated by the LLJ. However, during the
second night, the air mass above the NBL is modified
by a low-level advection event, becoming colder (by
approximately 4 K), with a higher specific humidity
content (an increase of approximately 10 g/kg). As a
result, the conditions at the interface between the NBL
and the layer aloft are greatly modified during the second
night. We can summarize these key observed conditions
favourable for cloud formation during the day as follows:
1. a reduction in the potential-temperature and moisture
jump at the interface near sunrise;
2. an increase in the instability above the boundary layer
during the morning transition; and
3. the possibility of rapid formation of well-mixed pro-
files of potential temperature and specific humidity
due to high levels of turbulence at night and in the
morning transition.
Using a mixed-layer model, we have demonstrated the
sensitivity of the evolution of a diurnal boundary layer
to changes in the initial values of the inversion potential-
temperature and moisture jumps (condition 1), and to the
temperature lapse rate (condition 2). Our analysis aims to
determine the conditions under which the boundary-layer
height exceeds the LCL. Higher boundary-layer values
are found when the potential-temperature jump and the
temperature lapse rate in the free troposphere are reduced.
However, this enhancement is closely associated with a
warmer and drier boundary layer, which leads to a higher
LCL. The drying effect can be compensated for if the
moisture levels in the free troposphere are fairly similar
to those of the boundary layer (with a relatively small
jump in moisture content in the entrainment region).
At a similar order of magnitude and range of variability
of the surface turbulent conditions during the night,
these three factors will lead to vertical profiles of
the potential temperature and specific humidity that
are optimal for triggering shallow-cumulus development
over land. Thus, this study indicates the importance of
accurately modelling vertical thermodynamic variables at
night in order to be able to reproduce cloud formation
and its thermodynamic characteristics during diurnal
conditions. The high spatial density and high frequency
of the vertical-profile measurements of the wind speed
and direction, potential temperature and specific moisture,
and of the measurements of the surface conditions
around the ARM site, make this observational data
set very appropriate for studying how boundary-layer
processes interact with large-scale horizontal advection
in mesoscale models.
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Appendix A: The mixed-layer model
The mixed-layer model equations governing the slab
properties of the diurnal boundary layer are expressed
in terms of:
• the temporal evolution of the boundary-layer growth,
the slab of virtual potential temperature and the specific
humidity; and
• the interface jump for both quantities between the free
tropospheric and slab-averaged values.
The equations are derived from a vertical integration
of the one-dimensional equation for heat and water
vapour. For instance, the equation for the slab potential
temperature is:
∂θm
∂t
= (w
′θ ′)o − (w′θ ′)e
h
, (A.1)
where θm is the slab potential temperature, w′θ ′o is the
surface heat flux, w′θ ′e is the entrainment heat flux, and
h is the boundary-layer height. The evolution of the
potential-temperature jump at the interface obeys:
∂θh
∂t
= ∂θh+
∂t
− ∂θm
∂t
= γθ
(
∂h
∂t
− ws
)
− ∂θm
∂t
, (A.2)
where θh is the potential-temperature jump, θh+ is the
temperature above the mixed layer, γθ is the temperature
lapse rate, and ws is the mean vertical subsidence
velocity. The entrainment flux is formally related to the
jump at the interface through the zero-order model:
(w′θ ′)e = −weθzi =
(
∂h
∂t
− ws
)
θzi , (A.3)
where we is the entrainment velocity.
Similar equations hold for the specific humidity q. In
our study, we prescribe the surface fluxes, the temperature
and specific-moisture lapse rates, and the subsidence
velocity. In addition, we prescribe the initial conditions
for the virtual potential temperature and specific humidity
(see Table II). Therefore we only need to apply a closure
for the relation between the surface heat flux and the
entrainment heat flux: we use the value βθv = 0.2.
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